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Abstract. Our experiments show that there are four, three, two and one hydrogen atoms
involved in the defect complexes corresponding to the 2210 cm ™', 2066 ¢m™!, 1980 em ™' and
1832 em™! infrared {IR) peaks, respectively, in the neutron-transmutation-doped floating-
zone silicon (NTD FZ-5i) system. On the basis of the correlation of the thermostability and
the oscillator frequency with the number of hydrogen atoms involved in these IR peaks, we
attribute the 2210 em™"', 2066 cm™', 1980 cm™' and 1832 cm™' IR peaks to the vacancy+4H,
vacancy+3H, vacancy+2H and vacancy+1H defect complexes, respectively, The mech-
anisin of the formation of the vacancy+#rH defect complexes in the NTD FZ-Si: H system has
been discussed.

1. Introduction

Since numerous hydrogen-related infrared (IR) absorption peaks in the proton-
implanted crystalline silicon (c-3i) were first observed by Stein [1], much interest has
also arisen in floating-zone silicon (Fz-Si) containing hydrogen [2-9]. Hydrogen can be
introduced into silicon during crystal growth in a hydrogen atmosphere. It is well known
that hydrogen saturates the dangling bond at the location of defects in c-Si and gives rise
to local vibrational modes and corresponding Si~H [R peaks. The radiation defects
introduced by the neutron irradiation and the defect interaction with the hydrogen
already present in c-Si produces various H defect complexes, which makes the [R spectra
in neutron-transmutation-doped (NTD) Fz-Si: H system more complicated [10]. Because
all Si-H 1R peaks have different annealing characteristics, therefore they must cor-
respond to discrete Si-H vibration centres. Although much work has been done both
experimentally and theoretically [ 11-14], owing to the limited experimental information
there is lack of common understanding about the nature of the Si—-H IR absorption peaks
in the NTD FZ-Si ; H system. Clarifying these peaks could help us to understand the nature
of the H defect complexes and their relation.

Inthispaper, we report some experimental results on intense Si-H ir stretching peaks
observed in the neutron-irradiated Fz-Si: H system, which verify that the vacancy +nH
(V+nrH) (n = 1-4) complexes are present in the NTD Fz-Si: H system.

2. Experimental details

The Fz-Si crystal, of {111} crystal orientation and resistivity p > 400  cm, were grown
in a hydrogen or deuterium (D) atmosphere or in H + D (36% H-64%D) with the same
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Figure 1. The room-temperature IR spectra
L s . . . of the Fz-Si: Hin the stretching region: (@)
2250 2166 2082 938 1914 1830 in the as-grown state; (b) after neutron
w {em} radiation at a dose of 10" neutrons cm™2,

technology in the same furnace. The Fz-SiH(D) systems were all of n type, with oxygen
content less than 5 x 10'®cm™3, carbon content less than 1 x 10'®cm™3, and other
impurities less than 5 x 10* cm™*. All the samples were cut to a thickness of about 5 mm
and mechanically polished to a mirror surface on both sides before irradiation. The
samples were subjected to neutron irradiation in the light-water nuclear reactor. The
total irradiation dose ranged from 10’ to 3.7 X 10'"® neutron cm 2. During irradiation,
a sample temperature of about 40 °C was maintained. The cadmium ratio was 10:1.
After irradiation, the sample underwent annealing at different temperatures between
100 and 600 °C in a lowing pure nitrogen atmosphere. The annealing temperature was
held constant for 30 min. After annealing, the oxide layer of the samples was remaoved
by hydroflucric acid. A NiC-7199C Fourier transform infrared (FTIR) spectrometer was
used. A high-purity vacuumFz-Sisample with the same thickness was used as areference.
The effect of moisture was compensated by subtracting the 1R spectrum of the air from
that of the reference sample. An Air Products closed-cycle cooling system was used for
low-temperature (10 K) experiments.

3. Results and discussion

Typical spectra of the Fz-8i: H system in both the as-grown state and the post-neutron
irradiation state in the stretching vibration region of the Si-H bond are presented in
figures 1(a) and 1(b). It can be seen from figure 1{«) that there are two intense Si-H Ir
peaks-2210 (2223) and 1946 (1952) cm™'—and some minor peaks between them in
the as-grown state. Here the wavenumbers in parentheses are the positions of the
corresponding absorption peaks at 10 K; both of them denote the same Si-H IR peak.
More extra pronounced Si-H IR peaks observed in the irradiated samples as shown in
figure 1(b) are located at 2066 (2072, 2068), 1980 (1990, 1987), 1894 (1910) and 1832
(1839)cm™t.
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Figure 2. The configuration for V + 4H (n = 1-4). The larger full circles represent Si and
the smaller ones H.

Table 1. The stretching vibration modes of the V + nH defect complexes.

Configuration Vibration modes
V 4+ 4H Ar+T,
V+3H E+ A,

V+2H A, + B:
V+1H A

* 1R inactive.

The configurations for V + nH (n = 1-4) are shown in figure 2. From figure 2, we
can use the group theory [15] to analyse the stretching vibrational modes for V + nH
(n = 1-4). From the calculated results with a valence force field and the table of the
correlation of the group to its subgroups, it is known that the symmetry stretching
vibrations of V + rH (n = 1-4) are all developed from the A, mode, the asymmetry
stretching vibrations of V + nH (r = 1-4) came from the T3, E and B, modes. Table 1
summarizes the stretching vibrational modes for V + rnH (n = 1-4). It can be seen from
table 1 that in the case of the 4H configuration the A, mode is IR inactive, and the
oscillator strength is equal to zero, while the T, mode is IR active. With a decrease in the
number of hydrogen atoms in the configuration, the symmetry is lower and the A, mode
became IR aciive. According to the following experimental evidence, we expect the
2210,2066, 1980 and 1832 cm™!intense IR peaks in the NTD Fz-Si: H system to correspond
to V + aH (r = 1-4) defect complexes.

3.1. The fine structure

3.1.1. 2210 (2223)cm™! peak. The major peak in the as-grown Fz-Si:H system at
2210 em™! is believed to be the complex involving H and native lattice defects. In the
case of neutron irradiation, the intensity of the 2210 cm™! peak decreases with dose
increase. The 2210 cm™! peak is the most stable and anneals out at 550°C,

We have obtained some significant results [7] on the 2210 cm ™! peak with the help of
the isotope effect of hydrogen and 10 K measurement, At 10 K, the peak splitsinto three
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Figure 4, The low-temperature (10 K) 1R spectrum of the F2-8i: 36% H-64%D in the stretch-
ing region.

peaks: (2223), (2222) and (2221) cm~". As shown in figure 3, the ratios of the intensity
of these three peaks are proportional to the natural abundance of Si isotopes (%8i, 2°Si
and ¥8i). Obviously, it is not related to the impurities except for hydrogen. When
hydrogenis replaced by deuterium, the (2223) cm™! peak shifts to (1617) em™'in accord-
ance with the increase in the reduced mass due to isotope substitution. The (2223) and
(1617) em™! peaks split further into five peaks during partial substitution of deuterium
for hydrogen (36%H-64%D). As shown in figure 4, there is a corresponding one-to-
--one relationship between the (2245), (2237), (2226), (2224) and (2223) cm ! in the Si-
H stretching vibration region and the (1629), (1621), (1615), (1613) and (1617) cm™!
peaks in the Si-D stretching vibration region. Because the symmetry of the defect
complex in ¢-Si cannot exceed the point group symmetry of the silicon lattice, e.g. Ty,
s0 the complex corresponding to the 2210 cm ™’ peak should be of Ty. When some of the
hydrogen atoms in the defect complex are replaced by deuterium, the symmetry of the
complex is lowered, so that the IR-inactive A; mode became IR active and the triply
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Table 2. The configurations of the complex corresponding to the 2210 cm™! peak in the Fz-
Si:H + D sample, their symmetry and iR-active modes,

Configuration Symmetry Stretching vibration modes
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Figure 5. The Ir spectrum of NTD FZ-5i: H at 10 K. Only the interesting regions are shown to
indicate the fine structure of the 2066 and 1980 cm ™' Ir peaks.

degenerated T, mode splits into modes of lower degree of degeneracy, thus leading to
the series of new IR absorption peaks. According to the number of hydrogen and
deuterium atoms in the complex, there are five different configurations 4H, 3H1D,
2H2D, 1H3D and 4D in the Fz-Si: H + D system. Table 2 shows the symmetry of each
configuration and the number of IR-active modes contributed by them. Thus the group
theory analysis of this result leads to the conclusion that the complex responsible for the
2210 cm™! peak contains four hydrogen atoms and has T4 symmetry.

The valence force calculation of the oscillator frequencies {11], semi-empirical mini-
mum neglect of diatomic overlap (MNDO) calculation [12] and the guantitative expla-
nation of the anomalous temperature effect of the linewidth at200 K [13, 14] demonstrate
that the V + 4H defect complex is responsible for the 2210 cm™! peak.

3.1.2. 2066 (2068, 2072) cm™" peak. Figure 5 shows the (2068) and (2072) em™! peaks
are split from the room-temperature peak at 2066 cm™!. They appear only in the NTD
Fz-Si: H system [5, 10). The dependence of the IR absorption coeificients a of the two
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Figure 6. The dependence of the 1R absorption Figure 7. The correlation between the 1832 cm™’
coefficient & of the 2072 and 2068 cm ™' IR peaks peak and the bending mode 813 cm™'.

on anncaling temperature.

peaks on the annealing temperature is shown in figure 6. With the correlation coefficient
R =0.95, this means that the (2072) and (2068) cm ™! peaks arise from the same vibration
centre. They disappearon annealing at 400 °C. Anothercharacteristic is that the intensity
of the (2072) cm™’ peak is approximately twice that of the (2068) cm™! peak. A credible
explanation is that the (2072) and (2068) cm™' peaks are responsible for the E mode
(twofold) and the A, mode (onefold), respectively, asshown in table 1. The point group
of the 2066 cm™! peak is Cy, and its configuration is as shown in figure 2. Thus we can
say that there are three hydrogen atoms involved in the defect complex corresponding
to the 2066 cm ™! peak. The investigation of the absorption coefficient a of the 2066 cm ™!
peak versus the neutron irradiation doses show that the 2066 cm™' peak comes from
V + 4H. in which one of the SiH bonds is broken by the radiation effect of the neutrons;
we discuss this issue later. Therefore, the V + 3H defect complex is respensible for the
2066 cm™! peak.

3.1.3. 1980 (1987, 1990) cm ™ peak. The 1980 cm™! peak splits into two correlated peaks
at (1987) and (1990) cm™~! at 10 K as shown in figure 5. These two peaks were found to
both have the same production and annealing behaviour with a correlation coefficient
R =0.89. This result is consistent with the case of electron irradiation [16]; it seems that
they arise from the same vibration centre. This result also indicates that the centre
contains two hydrogen atoms, which can vibrate symmetrically and asymmetrically. The
(1987) and (1990) cm ™! peaks are responsible for the A, mode and B, mode, respectively,
as shown in table 1. The point group of the 1980 cm™’ peak is C,, and its configuration
is as shown in figure 2. It is naturally thought that the major radiation-induced SiH iR
peaks may be of the simple H-vacancy type of defect complex, because the 1980 cm™!
peak also appears in the case of y-ray [17] and electron [16] irradiation. Therefore, the
V + 2H defect complex might be responsible for the 198G em™ IR peak. The same
model, named the Z centre, has been proposed by Du et al [8] to explain a DLTS level
(E. = 0.2eV) discovered in the NTD Fz-Si:H system, which has a similar annealing
behaviour as the 1980 cm™! peak in our experiment.

3.1.4. 1832 (1839) cm~! peak. The most common and pronounced peak, whether y-ray
{17], electron [16], neutron [5, 10} or proton [1, 18] irradiation is used at 1832 cm™'. The
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Figure 8. The correlation of the oscillator fre- Figure 9. The correlation of the thermal stability
quencies with the number of H atoms contained temperature with the number of H atoms con-
in the 2210, 2066, 1980 and 1832 cm™' IR peaks. tained in the 2210, 2066, 1980 and 1832cm™! IR
peaks.

1832 cm™! peak does not split at 10 X but is closely associated with the 813 (817) cm™!
peak in the bending vibration region with the correlation R = 0.98 as shown in figure 7,
indicating that they belong to the same vibration centre. In the NTD £z-5i: D system, the
1832 cm™! peak shifts to (1339) cm™! while, in the sample containing both H and D, the
(1839) and (1339) cm™~! peaks do not show any splitting even at 10 K. The 1832 cm™!
peak has the Jowest annealing temperature (175 °C) and lowest vibration frequency of
the Si-H IR stretching vibration peaks in the Fz-Si: H system [19]. From these results,
one can conclude that the 1832 cm™" peak is due to a simple vacancy type of defect
complex containing one hydrogen atom, so that the 1832 cm™' peak is responsible for
the A, mode of V + 1H complex.

Tosummarize the above, there are four, three, two and one hydrogen atoms invelved
in the H defect complexes corresponding to the 2210 cm™', 2066 cm™!, 1980 cm™! and
1832 cm™! peaks, respectively. This agrees with our proposal that they correspond to
the V+4H,V + 3H, V + 2H and V + 1H defect complexes.

3.2. The relationship between the vibration frequency of ir peaks and the number of H
atoms contained

The basic property of the V 4 4H meodel is characterized by the fact that the four
hydrogen atoms repel each other [11]. This is because the repulsive interaction of the
H-H non-bonded atoms increase the stretching vibrational force constant of the Si-H
bond. The vibrational potential functions calculated by MNDO [12] show that the force
constants of the vibration frequencies of the V -+ nH defect complexes increase with the
increasing number of hydrogen atoms. This means that the position of the vibration
frequencies of the iR absorption peaks caused by the V + nH defect complexes appear
in the Ir spectra is in the order of the number of hydrogen atoms which the IR peaks
contained. The vibration frequencies of the IR peaks versus the number of hydrogen
atoms contained is shownin figure 8. The experimental result indicates that the vibration
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frequencies of the IR peaks increase with the increasing number of hydrogen atoms
contained, which quite agrees with our analysis above. The linear behaviour means that
the force constant of the 2210, 2066, 1980 and 1832 cm ™! peaks are equalto fy + n Af =
1.75+0.24n dyn A™' (where o = {[fy+ n Af)/m}"? = wg + n Aff2wgm), which
coincides with the MNDO [12] calculation. The decrease in the number of hydrogen atoms
in V + nH causes a reduction in the van der Waals repulsion force between hydrogen
atoms. This effect results in a shift of the vibration mode to a lower frequency.

3.3. The relationship between the thermal stability of the ir peaks and the number of
hvdrogen atoms contained

The vacancy in silicon is unstable and the activation energy of diffusion for a vacancy
(0.3 eV) in ¢-Si is small; so it can migrate through the Si lattice at the liquid-nitrogen
temperature. Likewise the hydrogen atom in ¢-8i has a low diffusion energy (0.48 eV)
and can move easily at room temperature. However, when these two species bond
together, the situation is entirely different. In c-5i, the Si-H bond energy is about 2-
3eV [20]. It is obvious that the total energy of the V + nH defect complex should be
reduced and its thermal stability must increase with increasing number of hydrogen
atoms attaching to the dangling bonds of the vacancy. Here, by thermal stability we
mean the annealing-out temperature for the iR peaks. Figure 9 shows the annealing-out
temperature of the 2210,2066, 1980 and 1832 cm ™! peaks versus the number of hydrogen
atoms contained in the corresponding defect complexes. The experimental result is quite
consistent with attributing the 2210 em™!, 2066 cm™?, 1980 cm ™' and 1832 cm ™' peaks to
V+4H,V +3H,V + 2Hand V + 1H, respectively.

3.4. The formation of the defect complexes of V + nH in the NTD Fz-8i: H system

Figure 10 represents the absorption coefficients o of 2210, 2066, 1980 and 1832 ¢cm™!
peaks versus the neutron irradiation doses for the FZ-Si: H system. Obviously, there are
three regions separated by the two vertical broken lines in the figure. The fact that
the intensities of the radiation-induced 2066, 1980 and 1832 cm™! peaks increase with
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Table 3, The summary of the assignment, configuration and vibration modes corresponding
10 2210, 2066, 1980 and 1832 cn™* IR peaks in NTD Si: H system.

Peak position

{cm™") Configuration Vibration modes
2210 (2223) V + 4H T,

2066 (2072, 2068) V +3H E+A,

1980 (1990, 1987) V+2H A;+ B,

1832 (1839) V+H A,

increasing neutron radiation dose while the intensity of the 2210 cm™! peak for the as-
grown state remains unchanged in the same dose range 101°-10' neutrons cm™?indicates
their relation with the radiation-induced defect complexes. Moreover, the hydrogen
incorporated into the radiation-induced defect complexes does not come from the
original defect complexes but from the hydrogen which is dissolved in the ¢-8i or is IR
inactive, most probably from hydrogen molecules located in the T, interstitial site as
predicted theoretically before [20]. The intensity of the 2210 em ™! peak starts to decrease
monotonically as the neutron irradiation dose exceeds 5 X 10" neutrons cm™2, while the
slope of the intensity versus radiation dose of the other three ir peaks become steeper.
A reasonable explanation of this phenomenonisthat V + 4H defect complexes, in which
one or more Si-H bonds are broken by the radiation effect of neutrons, are transformed
into V+3H, V+2H and V + 1H defect complexes. For a similar reason, further
intense neutron irradiation may cause the V + 3H defect complex to transform into
V + 2Hand V + 1H defect complexes. A clue to this behaviour can be found in the third
regionin figure 10, On studyingonce again the previous results on the electron-irradiated
FZ-Si: H system, we can see that the fact that the 2066 cm™! peak does not exist matches
with the fact that the as-grown Si-H band 2210 cm™! remains unchanged after electron
irradiation in the dose range 5 % 10"°-1 x 10Velectrons cm™2 [16]. This experimental
result can be considered to arise because there is only a small possibility that three H
atoms enter the same Si vacancy to form a 'V -+ 3H defect complex. Therefore, the ir-
detectabie 2066 cm™! peak comes from the fragmentation of V + 4H, which naturaily
explains why the 2066 cm™! peak is only present in the NTD F2-Si: H system.

4, Conclusion

(1) The fine structure of the IR spectra at low temperatures, the isotopic effect and
the correlation between IR peaks in the NTD Fz-Si : H system indicate that there are four,
three, two and one hydrogen atoms involved in the vacancy-type defect complexes
corresponding to the 2210 cm™!, 2066 cm™!, 1980 cm™! and 1832 cm™! peaks, respect-
ively, in the NTD Si: H system.

(2) On the basis of the thermal stability and the vibration frequency related to the
number of hydrogen atoms involved in these IR peaks, we attribute the 2210 cm™?,
2066 cm™!, 1980 cm™ and 1832cm ™! peaksto V+4H, V+3H, V+2H and V + 1H
defect complexes, respectively. A summary of the assignment, configuration and
vibration modes corresponding to these IR peaks is listed in table 3.
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(3) In the low-neutron-radiation-dose region, the formation of the V + 3H, V + 2H
and V + 1H defect complexes results from the new radiation-induced defect complexes,
in which hydrogen comes from dissolved hydrogen molecules in the ¢-Si and is IR inactive
while, under the high-dose radiation, the V + 4H transforms into the V + 3H, V 4+ 2H
and V + 1H defect complexes.
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